Measurements of the nonlinearity parameter ␤ as a function of acoustic drive amplitude are reported for polycrystalline aluminum alloy 2024, IN100 nickel-base superalloy, and monocrystalline Al͓110͔. The measurements show that the variations in ␤ reported by ͓Barnard, Appl. Phys. Lett. 74, 2447 ͑1999͔͒ result from the influence of the Peierls barrier on dislocation motion in the material. The dislocation motion is responsible not only for the hooklike behavior at the low drive amplitudes reported by Barnard but also for an oscillatory dependence of ␤ at larger drive amplitudes not previously reported.
A purely sinusoidal acoustic wave propagating through a material becomes distorted along the propagation path as the result of a number of possible sources of nonlinearity in the material. The distortion leads to the generation of harmonics of the fundamental waveform that is quantified by the acoustic nonlinearity parameter ␤. The nonlinearity parameters are found to play an increasingly prominent role in describing a number of material properties. For example, the ␤ parameters directly quantify the anharmonic character of the longwavelength lattice modes of crystalline solids 1 and appear as scaling parameters in the equations for the acoustic radiation stress 2 and radiation-induced static strains. 3 They are found to be strongly correlated with embrittlement of engineering materials, 4 with the Brinell hardness of metallic alloys, 5 with microstructural variations resulting from interstitial carbon concentration in steels, 6 and are quantitatively linked to substructural changes associated with metal fatigue. 7 It has been generally assumed that the magnitude of the nonlinearity parameter is independent of the amplitude of the fundamental acoustic wave ͑the acoustic drive amplitude͒ launched into the solid, unless the drive amplitude is so large that dislocations begin to dominate the harmonic generation via the effects of dislocation breakaway 7 or increased attenuation. 8 Barnard 9 found experimentally that the magnitudes of the ␤ parameters for polycrystalline Cu-Al alloys do indeed appear constant for acoustic amplitudes above a threshold region, now known as the "Buck hook," but become strong functions of the acoustic amplitude when the drive amplitude falls into the Buck hook region. Barnard 9 provided no explanation of the Buck hook but correctly pointed out that the phenomenon has serious implications to measurements of the nonlinearity parameters and must be accounted when using nonlinearity parameters to assess or characterize material properties. We offer evidence here that the variation in the nonlinearity parameter at low acoustic drive amplitudes is a consequence of dislocation motion.
Commercially purchased samples of polycrystalline aluminum alloy 2024 ͑AA2024͒, IN100 nickel-base superalloy, and Al monocrystal ͑99.999% purity͒ oriented along the ͓110͔ pure mode propagation direction were prepared for harmonic generation measurements by rendering the ends of the samples parallel to within 12 s of arc and flat to within a quarter wavelength of 546.1 nm green light. The nonlinearity parameters are generally calculated from absolute measurements of the particle displacement amplitude A 1 of the fundamental acoustic wave and the particle displacement amplitude A 2 of the generated second harmonic wave as
where k is the wave number at the fundamental frequency and a is the wave propagation distance. The absolute wave displacement amplitudes were measured in the present experiments using the capacitive detection system and measurement procedure described elsewhere. 5 The fundamental frequency was nominally 5 MHz and the harmonically generated signal was nominally 10 MHz. The measurement system accuracy is approximately 3% and the precision is less than 1%.
A graph of the measured nonlinearity parameter plotted as a function of the fundamental wave stress amplitude is shown in Fig. 1 Figure 2 is a plot of ␤ versus drive wave stress amplitude for polycrystalline IN100. The ordinate scale is magnified relative to that of Fig. 1 . The inset shows the same IN100 curve except that the ordinate scale is comparable to that of Fig. 1 . The curve in the magnified scale encompasses that portion of the curve highlighted by the dotted rectangle in the inset. In the inset ␤ appears to be constant above the Buck hook region corresponding to the abscissa range roughly from 0.1 to 1.3 MPa. The depth of the Buck hook for IN100 is smaller than that obtained for AA2024, but the depth is consistent with that obtained by Barnard 9 for one of the four Cu-Al alloys measured ͑his Cu-8%Al sample͒.
We emphasize that the ordinate scales shown in Fig. 1 and in the inset of Fig. 2 are comparable to the scales used by Barnard 9 and yield curves very similar to that reported by Barnard 9 for Cu-Al alloys. However, when the ordinate scale is magnified, as shown in Fig. 2 , the region above the Buck hook ͑Ͼ1.3 MPa for IN100͒ shows a damped oscillatory behavior at the magnified scale. Such behavior suggests that dislocations play a role in the phenomenon. Indeed, dislocations are known to generate harmonics in proportion to the amount of bowing of the dislocation line length between pinning sites under the action of an acoustic perturbative stress superimposed on an initial ͑residual͒ stress at the dislocation sites. Resistance to the dislocation bowing from periodic lattice resistive stresses ͑Peierls barrier stresses͒ would lead to a periodicity in the maximum displacements of the dislocations from their rest positions in response to the acoustic perturbative stresses and thus to a damped oscillatory behavior of the measured ␤ as a function of the acoustic drive amplitude.
Further evidence that dislocations play a major role in the phenomenon is given in Fig. 3 , showing a plot of ␤ versus acoustic drive amplitude for the Al͓110͔ monocrystal. Although the ordinate scale is roughly the same as that in Fig. 1 and in the inset in Fig. 2 , damped ␤ oscillations are quite prominent in Fig. 3 at that scale. We consider the reason for the difference in oscillation amplitudes for the polycrystalline and monocrystalline samples.
Aluminum has a face-centered-cubic lattice structure and thus has five independent dislocation slip systems 10 ͗110͘ ϫ͕111͖. Propagation of an acoustic wave along the ͓110͔ pure mode propagation direction in monocrystalline aluminum yields a Schmid factor of 0.408 for each of the slip systems. The constant Schmid factor means that the dislocation motions in the slip systems induced by the propagating acoustic wave must be coherent, i.e., each dislocation moves exactly the same distance along equivalent lattice directions. The coherency of dislocation motions produces relatively larger harmonic generation, hence larger ␤ values and oscillation amplitudes, as a function of acoustic drive amplitude than would occur in materials producing incoherent dislocation motion.
For polycrystalline solids the slip systems are randomly oriented relative to the wave propagation direction since the grains of the polycrystals are randomly oriented. The random orientations of the slip systems give rise to random values of the Schmid factor and thus to random periodicities of the lattice projections along the wave propagation direction. The randomness of the Schmid factors produces incoherent motions of the dislocations in the slip systems in polycrystalline solids, i.e., all dislocations do not traverse the same distance along equivalent directions in the lattice for a given value of the acoustic drive amplitude. The incoherent dislocation motion and random periodicities of the lattice projections along the wave propagation direction drastically reduce the amplitude of ␤ oscillations as a function of the acoustic drive amplitude. The finite number of grains, hence finite number of randomly oriented slip systems, prevents the ␤ oscillation amplitude from reducing to zero. Magnifying the ordinate scale of the ␤ versus drive amplitude plots thus restores the appearance of the oscillations in the plots, as shown in the magnified scale of Fig. 2 .
Finally, an analytical model of the interaction of acoustic waves with dislocations subjected to periodic lattice resistive stresses has been recently developed. 11 The model predicts that the magnitude of the nonlinearity parameter is functionally dependent on an infinite sum of Bessel functions of odd order, generated by the lattice periodicity, whose arguments include the acoustic stress amplitude and the Schmid factor. The Bessel function dependence is responsible for the experimentally observed damped ␤ oscillations as a function of the acoustic drive amplitude. The Buck hook is shown to result from an effective increase in the dislocation loop length, an important model parameter, when the dislocation motion is confined to that between adjacent lattice planes containing the dislocation rest position. Such confinement occurs only for very low acoustic drive amplitudes. The predictions of the model are in agreement with the experimental results presented here and provide further evidence that the variations in the nonlinearity parameter as a function of acoustic drive amplitude are the result of the influence of the Peierls barrier on the dislocation dynamics.
